15 O-labeled water and positron emission tomography to assess the effect of deep brain stimulation of the internal globus pallidus on motor sequence learning in Parkinson's disease. Seven right-handed patients were scanned on and off stimulation while they were performing a motor sequence learning task and a kinematically matched motor execution reference task. The scans were performed after a 12-hour medication washout. Stimulation parameters were adjusted for maximal motor improvement; experimental task parameters were held constant across stimulation conditions. Internal globus pallidus stimulation improved motor ratings by 37% (p < 0.01). During the sequence learning task, stimulation improved performance as measured by several correct anticipatory movements (p < 0.01) and by verbal report (p < 0.001). Concurrent positron emission tomography imaging during learning demonstrated significant (p < 0.01) increases in brain activation with stimulation in the left dorsolateral prefrontal cortex, bilaterally in premotor cortex, and in posterior parietal and occipital association areas. Stimulation did not affect the activity of these regions during the performance of the motor execution reference task. These findings suggest that internal globus pallidus deep brain stimulation can enhance the activity of prefrontal cortico-striato-pallidothalamic loops and related transcortical pathways. Improved sequence learning with stimulation may be directly related to these functional changes.
Stereotaxic surgery for the medically refractory symptoms of Parkinson's disease (PD) has become increasingly accepted in clinical practice. 1 In general, these interventions have focused on the motor manifestations of this illness, targeting the internal globus pallidus (GPi) and the subthalamic nucleus (STN). In contrast with ablative procedures, deep brain stimulation (DBS) of these nuclei can provide a reversible means of reducing akinesia, rigidity, and L-dopa-induced dyskinesias. 2 Positron emission tomographic (PET) imaging during stimulation provides a means of studying the mechanisms of clinical benefit afforded by these interventions. Previous PET studies using 15 O-labeled water (H 2 15 O) to assess the effects of stimulation on regional brain activation during simple motor execution 3, 4 have supported the notion that these procedures alleviate parkinsonian symptoms by enhancing the activity of one or more nodes of the motor cortico-striatopallidothalamic circuit. 5 DBS also may affect the functioning of neural pathways relating to complex behavior. Although DBS for advanced parkinsonism generally does not alter cognitive status, 6 -8 specific aspects of executive function may be either improved or worsened by stimulation. 9 The mechanism by which DBS might alter performance on these complex neurobehavioral tasks is unknown, although involvement of nonmotor corticostriato-pallidothalamic circuits is likely.
We have developed a series of motor learning tasks designed to evaluate the functioning of these neural pathways with imaging. 10, 11 In a recent study, we used PET to scan unmedicated early-stage PD patients and normal control subjects during motor sequence learning. 12 Although the learning achieved during the PET epoch was lower in the PD patients, performance in both groups correlated significantly with the activity of a common network of brain regions comprising the dorsolateral prefrontal cortex (DLPFC), the premotor cortex (PMC), and the posterior parietal cortex. To date, however, the effects of DBS on brain activation responses during sequence learning have not been investigated.
We recently have reported the results of a psychophysical study suggesting that GPi DBS can improve motor sequence learning in more advanced PD patients. 13 In this study, we used the general imaging approach described by us previously 4 to determine the mechanism of this behavioral change. We scanned seven PD patients with H 2 15 O/PET on and off stimulation while they performed a motor sequence learning task and a kinematically matched motor execution reference task. The paired task design in conjunction with PET was used to determine whether stimulation significantly altered local activation responses during sequence learning, and whether these changes were related specifically to cognitive processing rather than to motor execution.
Subjects and Methods
We studied right-handed PD patients who underwent PET imaging during pallidal stimulation. This group consisted of seven patients (age, 51.9 Ϯ 12.3 years [mean Ϯ standard deviation]; Hoehn and Yahr stage, 3.2 Ϯ 1.0). They were implanted with GPi DBS for (1) bradykinesia and rigidity predominant PD, (2) severe response fluctuations, or (3) both. Two patients underwent unilateral electrode placement in the left pallidum; the remaining five patients underwent staged bilateral surgery. Postoperative magnetic resonance imaging was used to confirm target position. The clinical characteristics of these patients and their stimulation parameters are presented in Table 1 . Imaging data from Patients 1 to 4 have been included in previously published reports of the effects of stimulation on resting glucose utilization and brain activation responses during simple motor execution.
4,14

Study Design
Patients with implanted GPi stimulators were studied over a 3-day period as described previously. 4 All antiparkinsonian medications were withheld for at least 12 hours before each day of testing. The first day was utilized for task training and for the selection of experimental parameters for the PET studies. Imaging was performed over the next 2 days, with stimulation condition randomized to being on 1 day and off the other. On the on day, stimulation parameters were adjusted to achieve maximal improvement in the motor portion of the Unified Parkinson's Disease Rating Scale (UP-DRS items 19 -31) 15 without inducing dyskinesia. During PET imaging, the patients were in a stable on condition without medication for at least 12 hours before scanning. On the off day, all medications and stimulation were discontinued for at least 12 hours before imaging.
Behavioral Tasks
Because GPi DBS can affect the execution of simple movements and potentially also the learning of sequential movements, we assessed the effects of stimulation on each behavior separately. In each stimulation condition, the subjects performed two kinematically matched reaching tasks during PET imaging: (1) a motor sequence learning task (ML) and (2) a motor execution reference task (MR). The characteristics of these tasks have been described in detail previously. 4, 11, 12 In both tasks, subjects moved a cursor on a digitizing tablet with their right hand. Movements were out and back from a central starting position to one of eight radial targets displayed on a computer screen. Targets appeared in synchrony with a 160-millisecond tone at a set intertone interval. Subjects were instructed to reach for each target from the starting point and to synchronize the reversal of their movements with the tone. 10 In the ML task, the eight targets appeared in a pseudorandom repeating order without repeating elements. 12 The subjects were instructed to discover and learn the sequence order to anticipate the target and reach it as it appeared. At the end of each block trial, subjects were asked to indicate the order of the sequence verbally. During training sessions conducted before imaging, each subject experienced two or three different sequences; during PET scanning, entirely different sequences were used. In the MR task, targets appeared in a predictable counterclockwise order. 10, 11 To reach the target in synchrony with the tone, subjects had to initiate movement before it appeared within a time window of 250 milliseconds around each tone. All trial blocks lasted 90 seconds.
In each subject, experimental task parameters were held constant across stimulation conditions. 4 This was achieved by determining the shortest tone interval and the maximum target extent at which each patient could perform the MR task with 90% of hits in the off condition after the training session on day 1. These parameters were used in both of the subsequent PET sessions (days 2 and 3). Tone intervals varied between 1 and 1.7 seconds (mean, 1.5 Ϯ 0.2 seconds). Target extents varied between 0.4 and 4.8cm (mean, 1.5 Ϯ 1.6cm); gains were adjusted so that the cursor movement on the screen was equivalent across subjects and conditions.
Learning Performance: Behavioral Measures
A computer controlled the experiment, generated screen displays, and acquired kinematic data from the digitizing tablet at 200Hz as described previously. 10, 11 Because subjects were instructed to identify the sequence explicitly and to reach for the correct target before it appeared, anticipatory movements to the correct target were considered to reflect explicit learning. (Movements were considered anticipatory according to reaction time criteria defined previously. 12 Correct responses were defined as movements with directional error of 22 degrees or less at peak velocity.) In each scan, learning performance was quantified by the total number of correctly anticipated movements during the 90 seconds of PET imaging. This psychophysical measure was termed the global learning index. Because of betweensubject variation in movement rate, we normalized this performance measure by the number of cycles completed during the PET epoch. We also obtained a declarative score defined as the number of accurate target locations reported by the patient at the end of each trial block (0 ϭ unawareness of a repeating sequence to 8 ϭ complete correct sequence). Changes in the learning measures with stimulation were assessed by comparing on and off values using paired Student's t tests. Changes were considered significant for p values less than 0.05, two-tailed.
Positron Emission Tomography
Patients were scanned on consecutive days in the on and off stimulation conditions. They fasted overnight before both imaging sessions. PET studies were performed in three-dimensional mode using the GE Advance Tomograph at North Shore University Hospital, Manhasset, NY 16 according to the DBS imaging protocol that we described previously. 4 In each of the two PET sessions (on and off ), subjects were scanned while performing the ML and MR tasks in randomized order. All subjects performed the two tasks twice in each stimulation condition, with the exception of GPi DBS Patient 7, who was scanned only once during each task in both stimulator conditions. Psychophysical recording of learning performance was acquired with every run with the exception of GPi DBS Patients 3 and 6, in whom behavioral data were acquired only during a single PET epoch. Motor tasks were performed with the dominant right arm and an intravenous catheter was placed in the left arm for administration of H 2 15 O. Relative regional cerebral blood flow (rCBF) was estimated using a modification of the slow bolus method. 4, 12, 17 Ethical permission for these studies was obtained from the institutional review board of North Shore University Hospital. Written consent was obtained from each subject after they were given detailed explanation of the procedures.
Effects of Stimulation on Brain Activation during Learning
We sought to identify brain regions in which GPi stimulation significantly altered rCBF during motor sequence learning. This was achieved with SPM 99 software (Wellcome Department of Cognitive Neurology, London, UK) using a two-factor analysis of variance that included all four conditions (ML ON , MR ON , ML OFF , MR OFF ). 4 In this way, we assessed stimulation effects on activation during learning as well as potential interaction effects with motor execution. All scans were entered simultaneously in the design matrix, and the differences were detected by specifying a contrast of (1, Ϫ1, Ϫ1, 1). We hypothesized that, during learning, stimulation will alter rCBF within the set of voxels known through previous H 2 15 O/PET studies to be specifically activated by the ML task. To confine statistical analysis to this known set of voxels, we created a mask 4 defined by ML-MR rCBF differences obtained in an independent population comprising 22 unmedicated PD patients and 18 normal volunteers who performed both tasks. 12 This mask was compiled with 73 pre-existing learning and reference scan pairs, and a threshold was set at p value less than 0.001. The mask (Fig 1) sampled bilateral learning-related rCBF increases in the DLPFC, PMC, pre-supplementary motor area, precuneus, and posterior parietal cortical regions. Stimulation effects on learning activation within the population mask were considered to be hypothesis driven and significant for p values less than 0.01, uncorrected for independent multiple comparisons. Stimulation effects outside this mask were considered to be hypothesis generating for p values less than 0.001, uncorrected for multiple comparisons, and significant if they survived a correction for multiple comparisons at p values equaling 0.05. Coordinates were reported in the standard anatomical space developed at the Montreal Neurological Institute. 18 In addition, we determined whether the effects of stimulation at each significant voxel were specific for learning, or whether they were confounded by the effect of treatment on motor execution. This was achieved by post hoc testing to assess changes in MR activation in the voxels that exhibited significant effects of intervention during ML task performance. rCBF changes at these voxels were considered to relate to motor execution if the on-off differences in rCBF during MR performance were significant for p values less than 0.05 (paired Student's t test, two-tailed).
Results
Effects of Stimulation on Learning Performance
UPDRS motor ratings and measures of learning performance in the off and on states are presented for each patient in Table 2 Table 2 ; Fig 2) . Changes in learning parameters with stimulation did not correlate (R 2 Ͻ 0.15) with concurrent reductions in either movement time or UP-DRS motor ratings.
Effects of Stimulation on Brain Activation during Learning
The main effect of learning (ML-MR) was topographically similar in both the off and on conditions. The map of learning-related responses in this cohort of advanced PD patients was consistent with the spatial distribution described previously in normal subjects and UPDRS ϭ Unified Parkinson's Disease Rating Scale.
Fig 1. Motor sequence learning: activation mask. Brain activation during the motor sequence learning task in a pre-existing population of normal subjects and untreated Parkinson's disease (PD) patients (see text). The task activated the dorsolateral prefrontal cortex (left), the premotor cortex and the rostral supplementary motor area (pre-supplementary motor area, right), and the precuneus and posterior parietal cortical regions (right and middle). The activations were thresholded at Z ϭ 3.21 (p Ͻ 0.001) and utilized as a mask for hypothesis testing in the subsequent motor learning experiments performed to assess the effects of stimulation on brain activation.
mild, unmedicated PD patients. 12 Conforming with the independent population mask (see Fig 1) , we localized task-related activations bilaterally to the DLPFC, PMC, pre-supplementary motor area, and parietal cortex. Figure 3 and Table  3 . Hypothesis-driven searches within the ML-MR population mask showed significant stimulationinduced augmentation of activation in the left DLPFC Brodmann Area (BA 9), and bilaterally in the PMC (BA 6) and in posterior parietal and occipital association areas (left BA 7/40, right BA 19). Stimulation did not cause significant rCBF decrements during learning. In these regions, stimulation did not have a significant effect on blood flow during MR task performance (see Fig 3, bar graphs; see Table 3 ). Outside the mask, regional changes in brain activation during learning did not reach the threshold for hypothesis generation ( p ϭ 0.001, uncorrected). Note, however, that two additional areas were identified at the more lenient uncorrected threshold of p values equaling 0.01. These stimulation-mediated changes were localized to the right prefrontal cortex (BA 9; x ϭ 40; y ϭ 6; z ϭ 24) and the left parahippocampal gyrus (BA 27; x ϭ Ϫ22, y ϭ Ϫ30, z ϭ Ϫ8).
Areas in which DBS significantly enhanced learningspecific activation responses ([ML Ϫ MR] ON Ͼ [ML Ϫ MR] OFF ) are presented in
Discussion
Effects of Stimulation on Motor Sequence Learning
A salient behavioral result of our study is the finding of improved sequence learning performance during GPi stimulation. This observation generally is consistent with neuropsychological studies demonstrating an enhancement of certain aspects of executive functioning with DBS for parkinsonism. 8, 9 Motor sequence learning as assessed using the ML and MR tasks is abnormal in early-stage PD patients in the unmedicated state. 12 It is likely that stimulation-mediated improvements in this cognitive process are subserved by mechanisms similar to the observed neuropsychological changes. Nonetheless, having restricted our study to the learning of sequences, we cannot exclude the possibility that stimulation could result in cognitive decrements in other domains such as verbal fluency and visuoconstructional function. 6 The increase in learning scores with GPi stimulation GPi DBS ϭ deep brain stimulation of the internal globus pallidus; ML ϭ motor sequence learning task; MR ϭ motor execution reference task; DLPFC ϭ dorsolateral prefrontal cortex; PMC ϭ premotor cortex. Table 1 is not likely to have resulted from concurrent improvement in motor performance. First, the changes in learning parameters with stimulation did not correlate with reductions in either movement time or UPDRS motor ratings. Second, DBS improved sequence learning performance as measured by the number of correct anticipatory movements or by verbal report. In our prior study of normal subjects and patients with early- stage PD, we found these measures to be highly correlated. 12 Similar significant correlations (R 2 , Ϸ0.70%; p Ͻ 0.001) between the two learning parameters were found in this cohort of more severely affected patients, both on and off stimulation. Although a disparity between these measures would be expected in the presence of significant akinesia, this is not the case in this study. Last, the significant treatment-mediated changes in brain activation that occurred during sequence learning were topographically specific for this task: stimulation did not affect neural activity in these regions during simple motor execution.
Fig 2. Effects of deep brain stimulation of the internal globus pallidus on sequence learning performance (see text). This intervention significantly improved both the global learning index (left) and declarative scores (right). A key for symbols representing individual patients (see
We recently have reported reduced sequence learning performance during intravenous L-dopa infusion. 13 This observation is compatible with prior cognitive studies utilizing highly demanding executive tasks, especially in patients with more advanced symptoms. 19 -22 Despite the less severe motor involvement of our L-dopa cohort, this intervention tended to impair learning performance. In contrast, GPi stimulation improved this aspect of cognitive functioning in a relatively more affected patient cohort.
Effects of Stimulation on Brain Activation during Learning
GPi DBS caused increases in neural activation in DLPFC, PMC, posterior parietal cortex, and the occipital association area. These areas are known to be involved in the normal learning of new movement sequences. [23] [24] [25] [26] [27] The role of the DLPFC in the early phases of motor sequence learning is widely accepted; albeit hemispheric functional asymmetry in this region may vary according to experimental design. 12, 23, 24, 26, 27 Our finding of stimulation-mediated increases in neural activity in this region is compatible with prior human studies indicating changes in blood flow and metabolism in DLPFC after pallidotomy. 28, 29 Indeed, in primates the rostrodorsal and dorsomedial portions of GPi project to the prefrontal cortex (BA 9 and BA 46, respectively) via the ventral thalamus. 30 Although in our patients stimulation parameters were adjusted to maximize motor benefit, the stimulation effects are likely to extend to the more dorsally situated output channels that modulate prefrontal learning circuits. Indeed, the more dorsal cathode contacts (2 or 3) were active in five of the seven GPi DBS patients who composed our cohort (see Table 1 ).
The PMC contains numerous sequence-specific neurons, especially in its dorsorostral subdivision. 31, 32 Several PET studies of explicit motor sequence learning have showed PMC activation, most pronounced on the right. 12, 24, 26, 33 The GPi neurons that project via the ventrolateral thalamic nucleus to the ventral PMC also are located ventrolaterally 30 . During motor sequence learning, GPi stimulation may directly exert significant local effects on the ventrolateral pallidum and influence the PMC through relays in the ventrolateral thalamic nucleus. This pathway may be necessary to optimize externally guided movements during the initial phases of motor sequence learning.
GPi DBS also can increase learning-related activation in cortical areas that are not elements of the higher-order cortico-striato-pallidothalamic circuits. Specifically, this intervention enhanced neural activity in the posterior parietal cortex (BA 7/40) and the occipital association area (BA 19) . Prior PET studies have demonstrated that these regions are activated during motor sequence learning. 12,24 -26,33 Specifically, posterior parietal activation has been associated with the later phases of sequence learning. 27 Although pallidal stimulation does not directly influence posterior cortical regions, 14, 34 it is likely that these rCBF changes occurred indirectly via the DLPFC or PMC through alterations in the activity of transcortical pathways. 12, 35 We note that the regions functionally altered by GPi stimulation were rather small anatomically. However, the validity of these effects is supported by their localization within an independent population mask obtained from many subjects who performed the same pair of kinematically controlled tasks. Moreover, these specific areas represented the major nodes of a specific functional covariance pattern 14 that was significantly modulated by stimulation. 36 Last, ancillary image analysis using a traditional region of interest approach showed significant ( p Ͻ 0.05) or near significant ( p Ͻ 0.1) changes in rCBF in the larger but architectonically heterogeneous brain volumes that surrounded the significant voxel clusters.
The predominant effects of stimulation on brain activation during motor sequence learning occurred within the hypothesis-testing mask. Effects within these areas were considered to be part of the distributed network of regions activated during learning and thus were not independent of each other. 4, 14 For this reason, we chose a relatively liberal threshold for significance within the mask, without a correction for multiple comparisons. In contrast, this consideration may not apply outside the mask where there is no empiric basis for hypothesis testing. Although no region outside the mask survived a more stringent criterion for significance, two potentially relevant areas were identified at a liberal threshold. Within the mask, a prominent stimulation effect was localized to the left DLPFC. A change of comparable magnitude was present just outside the mask in the right prefrontal cortex (BA 9). This finding is consistent with the bilateral role of this region in motor task performance, especially in parkinsonian subjects. 12 We also identified a treatment effect during learning in the left parahippocampal gyrus. Although this region had not been found to be activated in our simple serial reaction time learning task, increased hippocampal activation had been reported in PD patients performing a more demanding problem solving paradigm. 37 It is not known whether DBS can improve performance and/or alter hippocampal functioning during this planning task.
The precise mechanism by which GPi DBS improves the learning of sequential information is not understood. The effects of STN DBS on this cognitive process are also unknown. PET data acquired during simple joystick movement suggest that stimulation at this site causes relatively greater increases in DLPFC activity, 3 which might also influence learning performance. Focal stereotaxic interventions in the pallidum or STN do not inherently interfere with the functioning of cortico-cortical pathways. Therefore, assuming that the individual cortical nodes of these functional networks remain structurally intact, a surgical intervention at a remote site in the basal ganglia may facilitate brain activation and sequence learning, perhaps by reducing noisy pallidal output. 38 In contrast, less specific treatments such as L-dopa can improve motor signs but also may impair aspects of cognitive functioning. 13,19 -23 Indeed, pharmacological alteration of the function of the DLPFC and its efferent projections may interfere with the normal rostrocaudal transfer of information that is fundamental to the explicit learning process. 27, 39 Further behavioral and imaging studies of subjects undergoing stimulation and dopaminergic therapy, alone and in combination, will be needed to compare the effects of these interventions on cognitive functioning in parkinsonism.
